Resting spore formation was investigated in the neritic and oceanic strains of Thalassiosira nordenskioeldii under iron-and nitrate-depleted conditions at 5°C and 10°C. Both strains immediately formed resting spores under nitrate-depleted conditions with almost 100% composition after 4-8 day (d) and 3-6 d cultivation periods at 5°C and at 10°C, respectively. However, resting spore formation in both strains under iron-depleted conditions increased with incubation time more gradually, and 15 d of cultivation, spore composition ranged from 60% in the neritic strain at 5°C to 1% in the oceanic strain at 10°C. In addition, chlorotic cells with smaller cell volume compared with vegetative cells were observed under iron-depleted conditions. Sinking rates of vegetative cells, iron-limited cells and spores, and nitrate-limited resting spores cultivated at 5°C were 1.24 ± 0.14 m d , respectively, slightly faster than those at 10°C. The faster sinking rates in iron-limited resting cells and resting spores than in vegetative cells may prevent their habitat from expanding to high-nitrate low-chlorophyll oceanic regions with low iron concentrations.
Culture experiment
Culture medium seawater was collected from a coastal region near Hokkaido, in the northern Japan Sea (43°23′N, 141°02′E) and was filtered through an acid cleaned 0.22-µm GS membrane filter (Millipore). The filtered seawater was autoclaved for 20 min at 121°C (108 kPa). The concentrations of Fe, NO 3 +NO 2 , PO 4 and Si(OH) 4 in the filtered autoclaved seawater were <2 nmol L , respectively. Fe concentrations in the filtered autoclaved seawater, which was used in the laboratory culture experiments, were determined by an automated Fe analyzer (Kimoto Electric) with using a combination of chelating resin concentration and luminol-hydrogen peroxide chemiluminescence detection in a closed flow-through system (Obata et al., 1993) . Nutrient concentrations in the collected seawater were measured by a QuAAtro continuous flow analyzer (Bran+Luebbe).
All equipment used in culture experiments was acid cleaned and followed by rinsing with Milli-Q water (Millipore: >18.0 MΩ cm EDTA for trace metals. Diatoms at the late exponential growth phase were inoculated into modified f/2 medium, which was prepared without adding f/2 metals, EDTA and vitamins to the f/2 nutrients-added filtered autoclaved seawater (control medium). All f/2 nutrient stock solutions were passed through Chelex 100 ion-exchange resin (Bio-Rad) to remove trace metals (Morel et al., 1979) . Diatoms were grown in modified f/2 media, to which ferric iron stock solution (25 µmol L were prepared by adding f/2 metal stock solution into the modified control media without the addition of nitrate stock.
It has been reported that the addition of an excess concentration of the siderophore desferrioxamine B (DFB) eliminated iron uptake in phytoplankton by diminishing the concentration of bioavailable Fe(III)′ (Wells et al., 1994) . DFB is a small trihydroxamate molecule that complexes inorganic Fe(III) with an extremely high conditional stability constant (K' FeL, Fe(III) 
) in seawater (Hudson et al., 1992) . In other studies (Iwade et al., 2006; Yoshida et al., 2006) 
Sinking rate
The settling tube (Fisher borosilicate glass) was filled with control medium, tightly capped with foil and acclimated at least 30 min at room temperature before measurement. A cell suspension (Fig. 1) . In five culture treatments at 5°C and 10°C, direct Fe or f/2 treatments induced the highest maximal vegetative cell yields for both strains, while the Fe-, DFB-Fe-and N-limited treatments showed lower maximal vegetative cell yields than direct Fe or f/2 treatments ( Fig. 1a-1 , b-1, c-1 and d-1, Table I ). However, the initial growth rate of each strain was almost the same among various treatments at each temperature with the lower growth rate occurring at lower temperatures (µ: 0.70 d for the T. n B strain at 10°C and 5°C, respectively) ( Table I) . Vegetative cell densities during the stationary growth phase in Fe-limited treatment were relatively constant for several days after the transition phase, while those in N-limited treatment decreased suddenly after the late exponential growth phase (after 3 and 4-6 d cultivations at 10°C and 5°C, respectively).
In both strains, resting spore densities in N-limited treatment increased rapidly after 3 and 4-6 d cultivations at 10°C and 5 °C, respectively (Fig. 1a-2 , b-2, c-2 and d-2), coincident with the sudden decrease in vegetative cell densities (Fig. 1a-1, b-1, c-1 and d-1) . In contrast, Fe-and DFB-Fe-limited treatments resulted in a gradual increase in resting spore densities with time (at 10°C Fig. 1a-3, at 5°C Fig. b-3 and d-3) or a small increase of T. n B in DFB-Fe-limited treatment at 10°C (Fig. 1c-3 ) during 15 d cultivation. The resting spore compositions of T. n A and T. n B strains in N-limited treatment reached almost 90-100% after 6-8 and 4-6 d cultivations at both temperatures, respectively, while those in Fe-and/or DFB-Fe-limited treatments gradually increased to 19% at 10°C and 60% at 5°C for T. n A, and 1% at 10°C and 22% at 5°C for T. n B (Fig. 1a-3, b-3, c-3 and d-3) . In T. n B at 5°C (Fig. 1d-1, -2 and -3) , no change in cell sizes was observed between initial and vegetative cells at the late exponential growth phase (6 d cultivation) in direct Fe treatment (Table   II) . However, sizes of both Fe-limited resting cells and N-limited resting spores decreased by about 8% and 40% in diameter and height, respectively (Table II) (Table II ). In T. n A, almost the same trends were observed in T. n B for vegetative cells, Fe-and N-limited resting stages, respectively (data not shown).
DISCUSSION

Formation of resting spores in Fe-limited treatment
Several experiments with marine diatom culture have shown that changes in environmental triggers, such as nutrients, pH, light and temperature may induce resting stages (McQuoid and Hobson, 1996) . Some researchers have found that nitrogen deficiency is an important factor to induce sporulation in marine diatoms (Durbin, 1978; Hargraves and French, 1983) . In the present study, N-limited treatment induced rapid resting spore formation of T. nordenskioeldii and achieved almost 100% spore contribution within 3-4 d of the start of sporulation (Fig. 1) , similar to the results previously reported (Durbin, 1978; Syvertsen, 1979) . However, the current study is the first known report on resting spore formation in a marine diatom under iron-depleted conditions (Figs. 1 and 2 ).
Both Fe-and DFB-Fe-limited treatments induced gradual spore formation in T. nordenskioeldii of 22%-60% at 5°C and 1%-19% at 10°C during 15 d cultivation periods (Figs. 1 and 2) . It has been reported that iron limitation significantly decreases nitrate assimilation by limiting photosynthetic electron transport energy (Milligan and Harrison, 2000) . In addition, Maldonado and Price (Maldonado and Price, 1996) reported that severe iron limitation in marine diatoms induced iron and nitrate co-limitation. Therefore, the slower resting spore formation in the iron-deficient treatments as 
